Azs (antizymes) are small polyamine-induced proteins that function as feedback regulators of cellular polyamine homoeostasis. They bind to transient ODC (ornithine decarboxylase) monomeric subunits, resulting in inhibition of ODC activity and targeting ODC to ubiquitin-independent proteasomal degradation. Az3 is a mammalian Az isoform expressed exclusively in testicular germ cells and therefore considered as a potential regulator of polyamines during spermatogenesis. We show here that, unlike Az1 and Az2, which efficiently inhibit ODC activity and stimulate its proteasomal degradation, Az3 poorly inhibits ODC activity and fails to promote ODC degradation. Furthermore, Az3 actually stabilizes ODC, probably by protecting it from the effect of Az1. Its inhibitory effect is revealed only when it is present in excess compared with ODC. All three Azs efficiently inhibit the ubiquitin-dependent degradation of AzI (Az inhibitor) 1 and 2. Az3, similar to Az1 and Az2, efficiently inhibits polyamine uptake. The potential significance of the differential behaviour of Az3 is discussed.
INTRODUCTION
The vast majority of proteins degraded by the 26S proteasome are recognized due to their prior ubiquitination [1] . However, there is a small group of proteins that are degraded by the 26S proteasome without ubiquitination [2] [3] [4] [5] [6] . Of these proteins, ODC (ornithine decarboxylase), the first rate-limiting enzyme in the polyamine biosynthesis pathway, stands out, as an alternative mechanism was demonstrated for its proteasomal recognition. ODC recognition by the proteasome is mediated by a C-terminal degradation signal encompassing amino acids 425-461 [7] [8] [9] . ODC degradation is greatly stimulated by its interaction with a polyamine-induced protein termed Az (antizyme) [10] . Interaction with Az stimulates ODC degradation due to a conformational change resulting in the exposure of its C-terminal proteasome recognition signal [11] .
This Az protein, later termed Az1, is a member of a protein family comprising at least three members, also containing Az2 and Az3 [12] . All three Azs display structural homology and share polyamine-stimulated frameshifting as a unique expression regulatory mechanism [13, 14] . Az1, the first characterized member of this protein family, has a wide tissue distribution and is abundantly expressed [15] . Az2 exhibits a similar tissue distribution, but it is expressed at significantly lower levels [16] . Az3 is specifically expressed at the post-meiotic stage of the differentiation of male germ cells to mature sperm [17, 18] .
Az1 and 2 inhibit ODC activity and polyamine uptake with similar efficiencies [19] . However, although Az1 efficiently stimulates ODC degradation in an in vitro degradation assay and in cells, Az2 stimulated ODC degradation in baculovirusinfected cells, but failed to promote ODC degradation in an in vitro degradation assay [19, 20] . On the basis of its efficient ability to inhibit ODC activity and its inability to promote ODC degradation in vitro, it was suggested that Az2 might act as a reversible ODC storage compartment [19] . Az3 is capable of inactivating ODC [17] and polyamine uptake [21] , and it is as efficient as Az1 in inhibiting AzI (Az inhibitor) and ODCp (ODC paralogue) degradation [22] . However, its ability to stimulate ODC degradation was not investigated.
Here we show that, in contrast with Az1 and Az2, which are both capable of inhibiting ODC activity and targeting ODC to degradation, Az3 can inhibit ODC activity, though not as efficiently as Az1 and 2, and it does not stimulate ODC degradation.
EXPERIMENTAL

Cell lines and culture conditions
HEK-293 (human embryonic kidney) cells were cultured at 37
• C in a humidified incubator in a 5 % CO 2 atmosphere, in Dulbecco's modified Eagle's medium supplemented with 10 % (v/v) fetal bovine serum, 100 units/ml penicillin and 100 mg/ml streptomycin. T-REx TM -293 cells were grown and stimulated as specified by the manufacturer (Invitrogen). The cells were transiently or stably transfected using the calcium phosphate method [23] .
Cloning and construction of plasmids
Az2 and Az3 were cloned by RT-PCR (reverse transcription-PCR) using RNA isolated from mouse liver and testis respectively. A nucleotide was deleted from Az1, 2 and 3 to permit expression of a full-length protein without requiring frameshifting. FLAGtag was added to their N-termini by PCR, and they were cloned between the XhoI and NotI sites of the bicistronic vector pEFIRES [24] . FLAG-tagged ODC and AzI1 and 2 were similarly cloned into the pEFIRES vector. For stable expression of FLAG-tagged Az3 in T-REx TM -293 cells, the cDNA was cloned into the pCDNA4/TO vector (Invitrogen). Mutations, deletions and tags were introduced using the overlap extension method [25, 26] .
Western blot analysis
Cells were lysed in a buffer containing 50 mM Tris/HCl, pH 8, 150 mM NaCl, 1 % Nonidet P40, 0.5 % sodium deoxycholate, 0.1 % SDS, 1 mM DTT (dithiothreitol) and a cocktail of protease inhibitors (Sigma). Cellular extract containing an equal amount of protein was heated for 5 min in sample buffer and fractionated by SDS/PAGE. The proteins were then electroblotted onto nitrocellulose membrane and the specific proteins were identified by incubation with the indicated antibodies followed by horseradish peroxidase-conjugated anti IgG antibodies. Signals were developed using EZ-ECL (Biological Industries), and the membranes were exposed to X-ray film. The films were scanned and protein bands were quantified using ImageJ software.
In vitro degradation assay
ODC and the various Az proteins were translated in vitro using the TNT reaction mix (Promega) in the presence of [
35 S]methionine. The degradation reaction containing 40 mM Tris/HCl, pH 7.5, 5 mM MgCl 2, 2 mM DTT, 0.5 mM ATP, 10 mM phosphocreatine, 1.6 mg/ml creatine phosphokinase, 6 μl of reticulocyte lysate (Promega) or HEK-293 cells extract was incubated at 37
• C for the indicated times. Normalization of the tested proteins was performed by dividing the radioactivity present in the relevant bands by the number of their methionine residues. At the end of the degradation reaction, the proteins were resolved by electrophoresis and the radioactivity present in individual bands was determined using the Fuji Bas2500 phosphoimager.
Preparation of HEK-293 cell extract
Cells were washed three times with PBS and homogenized in a Dounce homogenizer using the tight-fitting glass pestle. The cells were homogenized in 1 volume of homogenization buffer (20 mM Hepes, pH 7.5, 1.5 mM MgCl 2 , 5 mM KCl, 1 mM DTT, 10 μg/ml leupeptin and 10 μg/ml chymostatin). The homogenate was centrifuged for 30 min at 20 000 g and the supernatant recentrifuged for 30 min at 100 000 g. The supernatant was brought to 10 % glycerol and stored at − 70
• C.
In vivo degradation assay
Degradation rate was determined by adding cycloheximide (20 μg/ml) to the growth medium. Cells were harvested at the indicated times, cellular extracts were prepared and the amount of the tested proteins was determined by Western blot analysis.
ODC activity assay
Protein (50 μg) from cellular extracts or portions of reticulocyte lysate were brought to 100 μl of ODC assay buffer (25 mM Tris/HCl, pH 7.5, 2.5 mM DTT, 0.1 mM EDTA, 0.2 mM pyridoxal phosphate and 33 mM L-ornithine), containing 0.5 μCi of [L-14 C]ornithine. The reaction was incubated at 37
• C in a 96-well plate. The liberated [
14 C]CO 2 was trapped in a covering 3 mm paper soaked with saturated barium hydroxide solution. The paper was washed with acetone, dried and the results were quantified using a Fuji Bas2500 phosphoimager.
Polyamine uptake assay
Cells (5 × 10 4 ) were plated in 96-well plates and treated with DFMO (difluoromethylornithine) for 24 h. Then the cells were washed once with serum-free growth medium and incubated for 35 S]methionine. The molar amounts of the synthesized proteins were normalized (by dividing the radioactivity by the number of methionine residues) and incubated for 60 min in reticulocyte-lysate-based degradation mix, as described in the Experimental section, at a ratio of 2:1 (ODC:Az). (B) FLAG-tagged ODC (fODC) and each of the three FLAG-tagged Az proteins (fAz) cloned in the pEFIRES mammalian expression vector were co-transfected into HEK-293 cells. Cycloheximide (CHX) was added 24 h post-transfection, the cells were harvested at the indicated times, and the amounts of the individual proteins determined by Western blot analysis using anti-FLAG antibodies. Each experiment was repeated three times. The indicated values of % degradation (Deg.) represent a mean value of the three repetitions.
min with 50 μl of 5 μM [
3 H]spermidine (36 Ci/mmol). After an extensive wash with PBS, the cells were dissolved in formic acid, transferred into 3 ml of UltimaGold LCS cocktail and the radioactivity was determined using a liquid-scintillation counter.
RESULTS
Az3 does not target ODC to degradation
Az3 was demonstrated to inactivate ODC [17] and to inhibit AzI1 and 2 degradation, as does Az1 [22, 27] . However, Az3's ability to stimulate ODC degradation was not tested. We therefore set out to investigate the ability of Az3 to stimulate ODC degradation both in cells and in an in vitro degradation reaction. ODC and the three Az proteins were synthesized in reticulocyte lysate and incubated in a reticulocyte-lysate-based degradation reaction. Although Az1 efficiently stimulated ODC degradation, Az2 and Az3 both failed to exert a stimulatory effect ( Figure 1A ). Az3 was also ineffective in stimulating ODC degradation in transfected HEK-293 cells ( Figure 1B ). Under short exposure (Supplementary Figure S1 at http://www.BiochemJ.org/bj/419/bj4190099add.htm), it is noted that when co-transfected with Az3, the amount of FLAG-tagged ODC was increased. Interestingly, in contrast with its inability to stimulate ODC degradation in vitro, Az2 efficiently stimulated ODC degradation in transfected HEK-293 cells ( Figure 1B ). This ability of Az2 to stimulate ODC degradation in cells but not in an in vitro degradation reaction agrees with a previous report [19] . However, although that study attributed the stimulatory ability observed in cells to gross overexpression in baculovirus-infected cells, we show here that in transfected HEK-293 cells, Az2 was as efficient as Az1 in stimulating ODC degradation, although it was expressed at a lower level ( Figure 1B) . Interestingly, in contrast with their differential ability to stimulate ODC degradation, all three Az proteins were equally effective in inhibiting AzI1 and AzI2 degradation when co-expressed in transfected HEK-293 cells (Figures 2A and 2B) . HEK-293 cells were co-transfected with FLAG-tagged AzI1 (fAzI) (A) or FLAG-tagged AzI2 (B) and each of the three FLAG-tagged Az (fAz) proteins and their degradation rate was determined as described in the legend to Figure 1 . Each experiment was repeated three times.
The indicated values of % degradation (Deg.) represent a mean value of the three repetitions. CHX, cycloheximide.
The inability of Az2 to stimulate ODC degradation in vitro is not a result of lack of ancillary factors or post-translational modifications
Having demonstrated that the inability of Az2 to stimulate ODC degradation in vivo is not a result of quantitative reasons, we next set out to test whether the inability to degrade ODC in vitro ( Figure 3A) is an outcome of the absence of essential co-factor(s) in the reticulocyte lysate. For this purpose we have tested for the ability of in vitro synthesized Az2 to stimulate degradation of in vitro synthesized ODC in HEK-293 cell extract. Under these conditions, Az2 not only failed to stimulate ODC degradation, but it actually inhibited the degradation ( Figure 3B ), probably by competing with endogenous Az1 for binding to ODC. Next, in order to test whether Az2 or ODC has to be modified in order to enable efficient stimulation of ODC degradation by Az2, extracts were prepared from HEK-293 cells transfected with ODC and Az1 or Az2, and used for the in vitro degradation reaction. As shown in Figure 3 (C), even under these conditions Az2 failed to stimulate ODC degradation, suggesting that other reasons underlie the inability of Az2 to stimulate ODC degradation in vitro. The ability of Az2 to interfere with Az1-mediated degradation suggests that its binding to ODC is not the limiting step in the in vitro degradation reaction.
Az3 inhibits ODC activity and polyamine uptake
Az1 affects ODC in two consecutive ways; it binds to transient ODC monomeric subunits resulting in ODC inactivation, followed by their targeting to proteasomal degradation. Since Az3 fails to execute the second step of ODC degradation, we set out to determine whether Az3 has the ability to inhibit ODC activity. For this purpose, HEK-293 cells were transiently transfected with ODC and increasing amounts of expression construct encoding Az3. The cells were harvested 24 h post-transfection and ODC activity was determined. Under these conditions ODC activity resulted predominantly from the enzyme expressed from the transfected construct (Supplementary Figure 2 at http://www.BiochemJ.org/bj/419/bj4190099add.htm). As shown in Figure 4(A) , not only was ODC activity not inhibited, but it was actually increased. Western blot analysis demonstrated that the increase in ODC activity was a result of increased amount of ODC protein. Inhibition of ODC activity was observed only when the amount of the expressed Az3 exceeded that of ODC in the transfected cells ( Figure 4B ), suggesting that as well as stabilizing the ODC protein, Az3 is capable of inhibiting its activity. In order to separate between these two effects, HEK-293 cells were co-transfected with the stable C-terminal deletion mutant of ODC, Del6 [9, 28] , and increasing amounts of Az3. As shown in Figure 4 (C), efficient inhibition of the activity of the Del6 mutant was observed that was proportional to the amount of expressed Az3. Next, in order to compare the ability of Az3 with that of Az1 and Az2 in inhibiting ODC activity, in vitro translated ODC was mixed with increasing amounts of in vitro translated Az1, Az2 or Az3 and ODC activity was determined. As shown in Figure 4 (D), Az3 inhibited ODC activity significantly less efficiently than Az1 and Az2.
Since Az3 failed to stimulate ODC degradation but was able to negate ODC activity, it was of interest to determine whether it affects polyamine uptake, another activity regulated by Az [29] . To that end, we established a cell line conditionally expressing Az3. For this purpose Az3 was cloned downstream of a tetracycline inducible promoter and the resulting construct used to transfect T-REx TM -293 cells, followed by selection of stable transformants, which express Az3 in response to induction with doxycycline ( Figure 4E, insert) . Induction of Az3 expression Figure 4 Az3 inhibits ODC activity and polyamine uptake (A and B) HEK-293 cells were co-transfected with a fixed amount of FLAG-tagged ODC (fODC) and increasing amounts of FLAG-tagged Az3 (fAz3). Cellular extracts were prepared 24 h post-transfection and ODC activity was determined. In parallel to the amount of ODC and Az3 that was determined by Western blot analysis using anti-FLAG antibodies (C), HEK-293 cells were co-transfected with a fixed amount of the stable ODC mutant Del6 (ODC 6) and increasing amounts of Az3-expressing construct. Analysis of ODC activity and the ODC and Az3 proteins was as in (A) and (B), except that the amount of the Del6 mutant was determined by Western blotting using anti-ODC antibody. (D) ODC and each of the three Az proteins were synthesized in vitro in reticulocyte lysate in the presence of [
35 S]methionine. The molar ratio of the synthesized proteins were normalized by dividing the radioactivity of individual bands to the corresponding number of methionine residues. ODC was mixed with each Az at the indicated ratios and ODC activity was determined as described in the Experimental section. (E) Az3 was conditionally expressed in T-REx TM -293 cells by the addition of doxycycline (see boxed insert). Uptake of spermidine was determined before and after induction with doxycyclin as described in the Experimental section. Each experiment was repeated three times.
The presented values of ODC activity represent a mean value of the three repetitions.
resulted in a significant decrease in polyamine uptake ( Figure 4E ). This result is in agreement with a recent study demonstrating that polyamine uptake inhibited by all three Az proteins is restored by overexpressed AzI2 [21] .
DISCUSSION
We demonstrate here that, in contrast with Az1 and Az2, Az3 does not stimulate ODC degradation. Az1, the most studied member of the Az protein family, displays two activities towards ODC: it binds and inactivates ODC and sends the trapped ODC subunits to ubiquitin-independent degradation by the 26S proteasome [10, 28] . In addition, Az1 inhibits polyamine uptake through the plasma membrane via a yet unresolved mechanism [29] . The situation with Az2 appears to be more complicated, as it was demonstrated to simulate ODC degradation in cells but not in vitro in a reticulocyte-lysate-based degradation reaction [19] . It was previously suggested that the ability of Az2 to stimulate ODC degradation in cells could have been an outcome of its massive overexpression in baculovirus-infected cells. As we show here, Az2 was as effective as Az1 in stimulating ODC degradation even when expressed at lower levels. By performing a degradation reaction in cellular extracts containing ODC and Az2 synthesized in vitro or in cells, we ruled out the possibility that the lack of cellular factors or post-translational modifications required for the proper function of these proteins accounted for the lack of degradation in the reticulocyte-lysate-based degradation mix. It is therefore tempting to speculate that subcellular localization may be a key factor required for efficient performance of Az2. This possibility is also compatible with the coexistence of small amounts of Az2 in the same cells that express the more abundant Az1, as it suggest a unique, non-redundant role for Az2, explaining its evolutionary conservation. Alternatively, it is possible that Az2 has a specific as yet unknown role not shared with Az1.
In contrast with Az1 and Az2, Az3 was completely ineffective in stimulating ODC degradation both in vitro and in cells. Since Az3 is expressed in the post-meiotic stage of the differentiation of male germ cells to mature sperm [17, 18] , it is possible that only in these cells Az3 is functionally modified or only these cells contain factor(s) required for supporting its function in promoting ODC degradation. Alternatively, it is possible that in haploid germ cells ODC needs to be reversibly regulated. The ability of Az3 to trap ODC subunits without sending them to degradation may form a reservoir of inactive ODC subunits from which active ODC can be rapidly released. As demonstrated here, in addition to its ability to store ODC subunits, interaction with Az3 actually protects ODC from degradation by the other Az proteins, partially resembling AzI functions. This mechanism would allow a much faster restoration of ODC activity than any mechanism mediated by Az1 or Az2, as they require de novo synthesis of the protein. Since, in contrast with its inability to stimulate ODC degradation, Az3 inhibited degradation of AzI1 and AzI2, it is possible that those interactions are of physiological relevance. Of particular interest is the potential interaction with AzI2, whose expression is also restricted to the brain and testes [30, 31] . It would be of interest to determine whether these two proteins are expressed in the same cells within these organs. It is also possible that, as suggested for Az1 [32] [33] [34] , Az3 may also function through interactions with proteins that are not directly related to cellular polyamine metabolism. Indeed, a two-hybrid screen identified gametogenin-1, a testicular protein with a yet unidentified function, as a potential interactor of Az3. Additional studies are required to obtain a more comprehensive evaluation of these possibilities. The short exposure demonstrates the increase in the amount of ODC when co-transfected together with Az3. Figure 4 originates from the measured construct HEK-293 cells were transfected with expression constructs encoding the Del6 mutant of ODC or GFP (green fluorescent protein). ODC activity was determined in cellular extracts prepared 24 h post-transfection, demonstrating that ODC activity monitored in the experiments depicted in Figure 4 originated predominantly from the transfected enzyme.
Figure S2 ODC measured in
